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The study of the mechanism of alcohol formation in 
the y-radiolysis of liquid n-propyl ether provides inform- 
ation as to the nature of solvated electron reactions in 
ethers. In water, the solvated electrons can decompose by 


reaction 

[6] e —» OH + H 
Similarly, 20 alconols 

a e ee + H 


There has been no evidence that the solvated electrons in 


ether can decompose in an analogous way. 


[4] = solv. me solv am 


Reaction [4] would probably be followed by 


- + 
[5}) RO ene: 4 ROH —-r ROH + RO 


with the formation of alcohol. 
A mechanism that has been proposed for the cme pes itera ersh Lone 


alcohol in diethyl ether (2) is 


oe R,OH ee ee Oe 


fo determine whether alcohol is formed by reaction 
[3] or [5], various scavengers were added to n-propyl ether. 
The additions of sulfur hexafluoride and n-propylamine de- 
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creased the propanol yield suggesting that e eee and ROH 
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avewthic precursors Of alcohol. The effects of both n- 
propylamine and hydrogen chloride on the yield of alcohol 


ruled out reactions [4] and [5] and supported the reaction 


+ _ 
[3] ROH mr Se o? AS@)ab aie ke 


as tne=source Of propanol. "Reactronm [3] occurs in the spurs. 
The scavenging studies provided evidence for the part- 

icipation of solvated electrons in a spur reaction during 
radiolysis of n-propyl ether. Direct observation of solvated 
electrons during pulse radiolysis confirmed its presence in 
a radiolysis system. The pulse radiolysis technique allows 
the observation of solvated electrons in the bulk medium by 
Means "Or 1tS “absorption speccrum and Nalf-lire “in a given 
EGQCEION es AvSGrDeLon SpeCtlLa OL SGlvated electrons trom 
600-1600 nm were obtained at temperatures 0°, -73° and 
GS Fe es At all three temperatures, the absorption maxima 
Tayeabove  loC0mim being the Limit Of» the detection equip— 
ment. The absorption maximum shifted to lower wavelengths 

- with decreasing temperature as indicated by the change in 
the shape of the spectrum. The decay of solvated electrons 
in the bulk medium is believed to be a reaction with 


Pip Wey 7 oe. 
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[18] ed solv 


Theractivation energy for seection [13] is 3 kcal/mole. The 
Same activation energy was obtained for the reaction of 


solvated electrons with sulfur hexafluoride. 
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A. General Review 

A survey of the liquid phase cadiolysis of Some al1— 
phatic ethers with helium ions was made by Newton (1). 
Alcohols were among the major products of radiolysis. 
Product yields were reported as G values, the number of 
molecules formed per 100 ev of energy absorbed. 9ln tie 
case of di-n-propyl ether, Newton (1) found that the major 
products were hydrogen (G = D274) 2 polymers” (G ~ 1.6), 
carbonyl compounds (G = 1.36), alcohols, reported as 
hydroxyl compounds (G = 1.30), propylene (G = 0.49) and 
propane (G = 0.43). From the yields of hydrocarbons, it 
was found that the rupture of C-O bonds was more extensive 
than that, of C-C bonds. Ng (2) obtained from radiolysis 
studies of diethyl ether the relative probabilities) of 
cleavage of the various bonds. They are C-O (G = WG) Bee 
CoH) (Go=70234),— C-C (G=.0" 28). 

The formation of alcohol in ether was suggested to 
result from a C-O bond cleavage involving a molecular 


rearrangement with hydrogen atoms on the ®-carbon atom (1). 


(and ROR > ROH + alkene 


Scavenging studies (2) on diethyl ether gave further ate 
formation on the reaction mechanism of alcohol formation. 


Nog found that only about half of the ethanol yield was 



















oor P45 1a Of F4.4 OP ta 


ee rr es — 


iLa otoe to ekeylo tb Hy Diol sdy 20’ vepane a 


iL) OWS vd shu o> mtlant 9 eu meni os aeg 


eA 2) ees + | : 27. th ris? e@aoy aloes ila P 
io ae N octs “Od Shy souhoz? 


wet Hoctre (s es Th ; iit : ere Seis a. 
red act! : ola?) a : wow thes (ll = i r A baad | th to saee 
fot . ~ < < Oli wx eee 
6 bedioge: ,: . : ; eds saa ‘ 
‘0 = DB) srentugern:: ) SE Ugo Dea 
“S| iNettispothwl. to . oat (Eo O eke) ay squad 
feuolne axon anw ebeocd ldaereh m7 gas pawroed Baw 
26 4j60% wet? 
jo Boal i . £4, } a > £.Vil ib 5 esi huze 
© 39 UF Oh de sf Dees Be y opnyqale 
ij » Oe (NEa'O « a} ii-5D 

23 Gebesypue usw ee LOUHOLG bare ver. art’ 


$Si1290ion 6 poivievri VY ealor hag 0-2 45 eres Sluice 


928 imeigto~4 ect om Wess aspotbyrt uaiw ne > ae 


: 
oe : 


= 





scavengeable by 1,3-pentadiene (2). He suggested reaction 
[l] as the mechanism for the unscavengeable yield. Being a 
conjugated di-olefin, 1,3-pentadiene could scavenge either 
free radicals (3) or electrons (4). The mechanism pro- 


posed for the scavengeable yield of alcohol ts (2) 
bea RO + RH —> ROH + R 


wherelRH vis vavEree radical -or molecule, ora neutral Zacvon 


reaction 


2 aaa ——> ROH + R 


An alternative reaction of solvated electrons whiich could 


lead to alcohol formation is the decomposition reaction 


[4] e Ses IEE 


solv solv 


followed by 
[5] RO On > EO er 


solv 2 2 


Reaction [4] is analogous to the decomposition LEaGeLon .oL 


solvated electrons which occurs in water 
[6] e —> OH oH 
An ain akeone) Ss 


Lei} Sonsini faa é 
[7] © solv BO oly ioe 


ioifogox hbeteangare oH (C) eoaiieteey-f 0 vob alee 
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The first order half-life for the decomposition reaction 
in water is 0.8 milliseconds, while in alcohols it is of 
the order of microseconds (5). 

There has been no evidence that reaction [4] occurs 
Wether was einuweter.ou.a!conois.™ The study .of ithe 
mechanism of n-propanol formation during vyY-raditolysis of 
liquid n-propyl ether will provide evidence as to whether 
tmheesolvated electron reaction, |4] occurs. in ether, |The 
mechanism of alcohol formation was investigated by means of 
scavenging studies. The participation oe Sines elect- 
rons in reactions during radiolysis was studied by pulse 
radiolysis experiment. 

In the remainder of this Chapter, the nature of 


solvated electrons is discussed. 


Be Solvated Electrons 

A solvated electron is an extra~molecular electron 
localized in a cavity of the medium jn which the dielectric 
has relaxed around it (6). The solvated electron skew cela 
thermal equilibrium with the medium. Solvated) electrons 
occur in many liquids such as water, ammonia, amines, 
alcohols and ethers. They have low mobilities Wala Ch ede 
<I em? /V sec. They are characterized by optical absorption, 
paramagnetism and electrical conductivity. The absorption 
bands are broad with maxima lying in the ViSibile or near 


infrared neqions. “elhese properties characterize the sol- 
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solvated electrons in various media subjected to high 
energy radiation. 

The existence of solvated electrons in radiation 
Chemistry was note confirmed until the early Sixties. |G 
continued to be mistaken for the hydrogen atom until it 
was demonstrated that the major reducing species in irradi- 
ated water has a unit negative charge (7) and was respons- 
ible for the transient absorption spectrum in the pulse 


Eadvolyais Of aqueous Solutions Gg Jie 


oe PLoducei on, OF Solvated Electrons 
Solvated electrons are generated directly by radioly- 
sis 


[8] M-ir e orate 


In the flash photolysis of hydrogen sataraved 0,001, N 
sodium hydroxide solution, solvated electrons are formed 


by the following mechanism CLO). 


[9] OH + hv — OH +e Ae 


[LOR One tt He a7 H90 +a id 
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The reaction of an alkali metal generates solvated 


electrons. 14.) 7. 


ns we A a 
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Zr Evidence for Solvated Electrons 

The determination of the charge of the major reducing 
species in irradiated water and the discovery of a teansient 
absorption spectrum bearing the properties of a solvated 
electron presented important evidence for the existence of 
solvated electrons. 

The magnitude and sign of the charge on the reducing 
species were determined using the Bronsted-Bjerrum theory 
of ionic reactions (12). The theory states that the rate 
constant (k) at ionic strength (yu) will increase, decrease 
or remain constant depending respectively, on whether the 
charges of the reactants are of the same Sign, yOpposite 
sLons ear .OnewismZerOjeelhis is given for aqueous solutions 


by the equation 


a 
; 8) 
[as] 10949 — = 1.02 (2, ya Z) —b ____ 
O Tee Pos eye 


where bog is the rate constant at zero ionic strength, Zed 
and Z are the charges on the reducing species and solute 
respectively, and a is a parameter whose value is close to 
Unity and taken as such. if d is known, a determination 
of the dependence of k on U permits an evaluation Gly tie 


magnitude and sign of oiee 
Since absolute rate constants could not be determined 
4 19620 for, lack of Suitable techniques, Czapski and Schwartz 


(7) compared the effect of wu on relative rate constants. 
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They compared the rates of the reaction of the reducing 


- + 


species with NO, ath Sele! 0. to the rate of the reaction 
with HO, Boe ameuncrionm. Of Tonic strengch. The results 
ere ehown in Figure J and Table I. In Figure 1, K repre- 


sents the ete Ton cee pEengtil 


ee eane Doses ay s)/* (rea pts) 


H and Ky Tew thatecertoewhien Lp = 10.) “ther slopes of the 
lines drawn show that Z for the reducing species was —l. 
The same conclusion was reached by Collinson et.al. Ciss \ a: 
It was concluded that the reducing species was se 

The effect of ionic strength on the rate constant 
ratios has also been studied in the y-radiolysis of 
methanol '(14). The results indicate that the reducing 
species in methanol has a unit Megat yea vcnlarde, 1.6.0 that 
Ge 1s the solvated electron. 

The emergence of pulse radiolysis techniques made 
possible the observation of transient absorptions in an 
irradiated liguid and led to the establishment of the 
identiy of the major reducing species. In water (8,9) an 
absorption band was obtained with a maximum at 720 nm. 
This was assigned to the solvated electron. The evidence 
for the assignment of this absorption band to rea seye LS 


+ 
(a) Electron scavengers such as H , On, HjO5, NO and co. 


accelerated the decay of ec. and at SuLticrentily 
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FIGURE 1 














Effect of ionic strength on relative rate 

constants for reactions of aa with various 
solv 

Solutes a ies Upper cunve, NO. relative to H,0,; 


MLddle cunve,. Os relatives tO. O lower curve, 


2 Doe 


H’ relative to Hj05- The ionic strength was 
varied with LicClo,, O; KC10,, 0: NaClo,, Ge tenet a | 


MgSO %. The elosed: circles represent no 


4. , 


added salt other than the reactants. 
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TABLE I 


Determination OpeeChartcesOUre 
g 
solv 


po liveEe Z Slope* VAD 
. - solv 
Reference (Z ) 
s° red 
HO, -j] +1 -1 
HO. 0 0 
H,0, +1 -j] -1 


From Figure l 
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high concentrations, suppressed or even eliminated 


the absorption (8). 


(5) "The absorpeion spectrum of “the ammoniated “electron 


was similarly affected by electron scavengers (8). 


Other studies on this absorption band gave futher evidence 


that sete ve cue to solvated electron. 


(c) Kinetic ion-strength effects have shown that the band 
was due to aspecies having a unit negative charge 


Gr) t 


(ad) Rate constants calculated from the decay of this 
absorption in the presence of scavengers gave rate 
constant ratios which agree with those obtained by 
competitive studies with the same scavengers in 


steady radiolysis (16). 


Subsequently, solvated electron spectra have been 
obtained in other compounds such as alcohols (17), amines 


(18 19)" endwethers (10) 20/21)" 


Sip Reactions of Solvated Electrons 

The pulse radiolysis technique made possible the 
determination of absolute rate constants for a variety of 
reactions of solvated electrons. The rates of these 


- aoe -1 
reactions range from 16 M : sec e in water, to io: M 
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sec + in other cases, many of which are diffusion controlled. 
In all direct kinetic measurements, the solvated electron is 
generated in concentrations of 10m - ieeoes M while the re- 
actants are present in much greater concentration. Under 
these conditions, pseudo-first-order decay of the solvated 
electron is observed. The rate constants for such reactions 
are obtained from the observed half-life of the solvated 
electron. 

Reactions of solvated electrons are electron attach- 
ment in nature. They involve the teansien Of the telecteron 
from its site in the solvent into a vacancy in the accepting 
solute. The reactivity of organic solutes toward solvated 
electrons differs considerably. The availability of a 
Vacant orbital governs the reactivity of a solute. The 
following is a grouping of compounds and their reactivy to- 


wardas solvated electron in water. 


(a) Organic compounds composed of H, C, O and N atoms only 


and containing no t-bonds are nonreactive (22a). 


(b) The reactivity of alkenes is a function of the group 
adjacent to the double bond. Reactivity of a non- 
activated C=C double Dondjas@lowe(k — TO we Beca ae 


The presence of electron withdrawing groups ahcdeCcon- 


jugating C=C double bond greatly enhances EheeLeact= 
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ivity of the C=C bond, increasing the rate constants 


eae 2 eh er ee cere enye 


(c) Aldehydes, ketones and carboxylic acids have high 
reactivity. The reactivity of the carbonyl group C=O 
is decreased by electron withdrawing groups. This is 
attributed to the decrease in the C=O bond length. As 
the C=O bond shortens, the electron density<in ithe 7 
Onbiealeimcreases:, presulting invagdecreased tendency 


of the bond to accomodate another electron (22c). 


(aye) Alkvilnelides ware particularly reactive coward sol— 
VaLcdselectrons with reactivities in the order FF << 
Cine tio) ri heap Lrooability, OL the eleceron 
being attached to a halogen atom increases with the 
MunbersOotsocbitals in the atom. The electron-with— 
drawing capacity of the alkyl groups, expressed in 
terms of the Taft o* function, affects the reactivity 


Of the halide. 


(e) The reactivities of aromatic compounds range over four 
orders of magnitude, from k = 4 x ie f£ Oke pheno! gue 
We yea awe 
Kes = 3x0 M sec forinitmobengenes Wiheaereact= 
ivity is correlated with the substituents on the ben= 
gene ring by means of the Hammett o function. BLects 


ron withdrawing substituents greatly enhance the 


reactivity of the benzene ring. The reactions ot 
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solvated electrons with aromatic compounds involve an 
interaction of the electron with the m-orbitals of 
Ene moi ric. kxceptions are the bromo and iodo aromatic 
derivatives where the electron may interact through 


the ring or through the halogen atom (22d)... 


gee Structure of solvated Electrons 
A solvated electron can be qualitatively described as 
an extra electron trapped in a pre-formed cavity of a 
liguid. The trapping of the extra electron in a cavity re- 
sults when its total energy (kinetic and potential energy 
abeysingqehtom coulombic repulsion) us less than the potential 
energy barrier caused by coulombic attraction between the 
electron and the positive dipoles of a partially relaxed 
dielectric. The trapped electron transforms into the sol- 
vated state when complete dielectric relaxation occurs (24a). 
The electron-in-a-cavity model is supported by some 
experimental evidence and theoretical investigations. In 
water and in alcohols the energy of the absorption maximum 
boc was found to decrease with increasing temperature 
ened) and to increase with increasing pressure (27,28). 
The displacement of the absorption maximum to higher energies 
with increasing pressure has been ascribed to the compres-— 
sion of the cavity. The displacement toward lower energies 


with increasing temperature is due to thermal expansion of 


iewcavi ty ales )r. 
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Theoretical models have been devised to predict the 
energy of the absorption maximum based on the approximation 
of the liquid as a continuous dielectric medium with the 
electron trapped in a cavity of the liquid. A theoretical 
treatment that has met considerable success in predicting 
some properties of solvated electron in liquid ammonia is 
Jortner's self consistent field (SCF) approximation (30,31). 
The energy of the absorption maximum, E, Fo lseanterprerced 
esutnceenergyeote transition irom a ee ae an excited 
state. The energy of the electron arises from the Contr. — 
butions of orientational and electronic polarization energies. 
With the use of hydrogenic wave functions £OGEAe Ss aground 
state and a 2p excited state, a value for the energy of 
ls + 2p transition of 0.81 eV was obtained when a cavity 
Tad tuss Olt. 2 A was assumed. This compares well with the 
experimental value of E) =O SOR Ve oe Jie 

max 

A similar treatment was applied to the solvated 
electron in water (31). A reasonable agreement was obtained 
between the ls > 2p transition energy of 1.8 eV and the 
experimental value of BE) = is72 eV (33) when~a Cavity 


= max 
radius of 1.5 A was assumed. 
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LAE Y-RADIOLYSIS OF n-PROPYL ETHER 


The mechanism of alcohol formation in the y-radiolysis 
of n-propyl ether can be elucidated by means of scavenging 
studies. Scavenging is a term applied to the action of an 
added solute (scavenger) which reacts preferentially with 
one of the reactants of the radiolysis reaction. The 
reaction by which alcohol is formed was investigated with 
the following scavengers: sulfur hexafluoride, an electron 
scavenger; n-propylamine, a positive-ion scavenger; acid, 
an electron scavenger; and propylene, a free radical 
Scavengers Inesetrects ot these Scavengers on the eon 
Sis yleldmors propanol provide evidence as to the identities 


of the precursors of propanol. 
A. Experimental 
Part, Ll. Materials 


Ls n-Propy leether: n-propyl ether was obtained from 
Eastman Organic Chemicals and from Aldrich Chemical Company 
(Gold Label quality). The ether was purified as follows: 
The peroxide content of the ether was qualitatively 
determined with a glacial acetic acid-potassium iodide 
solution. High peroxide concentration around mes M was 
indicated by a dark brown coloration. It was removed by 
passing the ether through a 14" x 3/4" neutral Woelm 


Alumina column to prevent peroxide explosion during distil- 
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lation. Most of the propionaldehyde was removed by adding 
its g of 2,4-dinitrophenylhydrazine and 2 ml of concentrated 
sulfuric acid to 700 ml of ether and refluxing the solution 
for 20 hours. Most of the propanol and other impurities 
were removed by fractional distillation through a 24" 
Vigreaux column packed with glass beads. The DiLiety OL 
the distillate was checked by gas chromatography. About 
300 ml of the prime distillate was passed through two 
14" x 3/4" neutral Woelm Alumina columns to remove traces 
of remaining impurities. No propionaldehyde, propanol or 
1,l-dipropoxypropane impurity were detected on gas chrom- 
atographic analysis OL tae purified ether at a sensitivity 
4 


of 1 x» 10 M. The purified ether was degassed and stored 


under vacuum over a sodium mirror. 


ae Sulfur Hexafluoride: Sulfur hexafluoride from 
Matheson of Canada Ltd. was purified by trap-to-trap 
sublimation in a vacuum apparatus and stored in a Pyrex 


Gesecvorr. 


he Hydrogen Chloride: Anhydrous hydrogen ciilors de serom 
Matheson of Canada Ltd. was purified by passing over 
Copper toil to remove chlorine foliowed by trap—TO-=_rap 
sublimation under vacuum. It was stored in a Pyrex reser- 


Vol. 


4. Propylene: Propylene from Matheson of Canada Ltd. 
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was purified by trap-to-trap distillation under vacuum and 


stored in a Pyrex reservolr. 


De n-Propylamine: n-Propylamine from Bastman Organic 
Chemicals was purified by fractional distillation. A 
distillate portion was further purified by repeated freeze- 
pump-thaw cycles under vacuum. Prewes Stored an a Pyrex 
reservoir fitted with a Hoke valve (stainless steel needle 


and teiienesseat):. 


OG. Sulfuric Acid: Reagent grade acid from C.I.lL. was used 


as received. 


ie 1-Propanol: Certified grade from Fisher Scientific 


Company was used as received. 


Se Propionaldehyde: Obtained from Bastmen) Organic Chemi— 


cals and used eomeccelVed. 


On 1,1-Dipropoxypropane: 1,l1-Dipropoxypropane was pre- 
pared using approximately 10 g Snhydrous copper sulfate 
in 500 ml solution of 25% propionaldehyde in l-propanol. 
The solution was shaken, then allowed to stand overnight. 
Copper sulfate was removed by centrifuge and excess euler ay. 
hol removed by rotary evaporation. The crude product was 
purified by fractional distillation under vacuum (about 
30 microns pressure) with the pot at room temperature and 


the receiver cooled to -80°C (dry ice temperature). The 
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traction’ usec fora standard was 96% pure. 
Anhydrous copper sulfate was prepared by heating cop- 
per sulfate hydrate to 180° - 200°C under vacuum until 


colorless. 


Por Cee Proceciives vane Techneques: 


ee Sample Preparation (Fig. 2A, 2B) 

Three types of Pyrex sample cells were used: Cell A 
which was used for a sample with gas additive whose absorp- 
tion ceoetiiczent (¢) had been Se aap Cali. Ss wien a 
liquid additive was added externally; and Cell C when a 


large volume ee ane) Toco wase needed...) ihe 


(liquid 
volumes of the cells were approximately 6 ml, 6 ml and 2 
ml respectively. The cells were cleaned with concentrated 
sulfuric acid-potassium permanganate solution, rinsed with 
Wateceand thenemincsedawith c1lutesnitruc acid-hydrogen 
peroxide solution. The cells were rinsed repeatedly with 
triply distilled water and dried overnight in an oven at 
150°C. The cells were evaucated overnight before filling 
them. 

Samples were prepared by vacuum distilling the ether 
from the reservoir into the measuring tube cooled to 0°C 
with an ice-water bath. Volumes of 1.8 and 2 ml were used. 
The measured volume of ether was distilled into the trap 
at liguid nitrogen temperature (-196°C), degassed and eas — 


tilled into the sample cell. Additives such as sulfur hexa- 
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fluoride, hydrogen chloride, propylene and n-propylamine 
were measured in the vapor phase (volume, pressure and 
temperature) and were condensed into the frozen samples. 
The cell was sealed off with the sample frozen at -196°C. 
hom tnescilturveeacitd solutions, aaKnown volume of jacid 
was delivered quickly into the cell from a syringe with a 
Steinless steel needle. The acid was frozen. with liquid 
nitrogen then degassed by successive pump-thaw-freeze- 
pump cycles. Degassed ether of known volume was distilled 


Intovene. call end the cell sealed off. 


Pig ' Sample Irradiation 
The irradiation source was a Gammacell-220 (Atomic 


OU ee Ral 


Enenoymon  Canacemitd.) containing 6000 Curries of 
samples were irradiated at one position in the sample holder 


ate sete CemeDosi etl yawas Carried out with 9a nese) <=) 


dosimeter. The Fricke solution was 1 mM in Fe (NH,).(SOQq) 54 


1 i Thee NIBYONE AueVok UO Ree IS aie H,SO,- Dosimetry calculations 
were based on the values Cire) ovat toy =), ene) at 304 
mu = 2225 1 mole + cm! at 25°c and a temperature coefficient 


of ae) of 0.7%/°C (34). The dose rate was approximately 


ay ee TOs eV pile hr + in ether and was comtinuously cor- 


60 


Pected foc the radioactive decay of, the COMA Cre a eres] een es 
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oe Product Analysis 


The products measured in the analyses of Lrredia CeO 
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propyl ether were propanol, propionaldehyde, 1,1-dipropoxy- 
mropsne py l=pnopy bach Loride candm2-propyl chloride a9 *tThe 
analyses were done with a gas chromatograph consisting of 
an Aerograph Autoprep 705 with flame ionization detector 
and a Minneapolis-Honeywell Reg. Co. recorder. Calibrating 
standards of propanol, propionaldehyde and 1-propyl chloride 
weresused daily. G@iresponse ratio offpropanol to 1,1-di- 
propoxypropane was used to calculate the concentration of 
the latter in the irradiated sample. The percent 2-propyl 
chloride formed with respect to l-propyl chloride was used 
to calculate the 2-propyl chloride concentration in the 
sample. 

A 2 ul sample was injected into a column, using a 
10 ul syringe fitted with a Chaney adapter (constant volume 
adapter). 2OurL ditrerent cOlumms were used depending on 
the nature of the additive and the product analyzed. A 
6' x 1/8" stainless steel column packed Wel Clie LU cee eps 
tris (2-cyanoethoxy) propane (TCEP) on chromosorb W.A.W. 
was used for propanol and 1,1-dipropoxypropane measurements 
in all irradiated samples except those with added n-propyl- 
amine and hydrogen chloride in high concentrations. Samples 
containing sulfuric acid were injected through a a eye 
pre-column packed with potassium hydroxicge pellets to 
remove the acid before analysis. A 2' x 1/8" glass column 
packed with Porapak Q was used for samples with n-propyl- 


amine additive. Alcohol standards and some irradiated 
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samples were made 0.1 M in amine DrElouttOsin JOCLI ON sme 
4' x 1/8" stainless steel column packed with Porapak T 
was used for propanol, l-propyl chloride and 2-propyl 
chicride measurements in samples with added hydrogen chlor- 
ide in high concentrations. Samples analyzed for propion- 
aldehyde were run on a 6' x 1/8" stainless steel column 
packed with 10% Carbowax 1540 on Porapak P. 

Column temperatures were kept at 65 - MO2C Lore the 
TCEP column, 85°C for Carbowax 1540, 120°C for Porapak 0 
and 135°C for Porapak T. Injector temperature was 1308C 


and the detector temperature was 220°C. 


4. Determination of Sulfur Hexafluoride Solubility 


The Ostwald absorption coefficient (a) of sulfur 
hexafluoride in propyl ether was measured at -76°, 0° and 
bs ; : 3 
25°C using the system shown in Figure Sate Oo Vaguad? “eas 


where C and yas are the concentrations of sulfur 


liquid 
hexafluoride in the liquid and gas phases at a given tem- 
perature. 

A 10 ml volume of degassed ether was introduced 
into the bulb from the ether line (Figure 2A)..,A 
measured amount of sulfur hexafluoride (volume, pressure 
and temperature) was condensed into the ether bulb with 
liquid nitrogen. The solution was stirred with a magnetic 


stirrer while warming up to the required temperature. For 


o determination at 25°C, the solution was allowed to warm 
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up to room temperature; at 0°C, the solution was warmed to 
above zero and then cooled with an ice-water bath; and at 
76°C, the solution was warmed to near zero and then cooled 
with an acetone-dry ice bath. The ether volume and a known 
volume above the liquid were cooled to the required tem- 
perature. When equilibrium was reached, the pressure and 
volume of the gas above the liquid were measured to deter- 
mine thes concentration Of Undissolved gas. Three runs were 
Made at each temperature over a four-fold range in pressure 
of sulfur hexafluoride. The volume occupied by the gas 


above the liguid-ether was about 1.5 times the volume of 


the liguid in all the runs. The values are shown in Table 
ie 
5s Determination of the bensreysOlen-Propy ll Ether 


The density Of propyl ether at -73° and -133°C was 
needed to determine the molarity of a solution at these 
temperatures. To obtain these values, a temperature-volume 
relation was determined for the ether at temperatures 0°, 
212° =o) and —li2.>°C Using an Lce-water bath, iieuid 
nitrogen-chlorobenzene slush, nitrogen-ethylacetate slush 
and nitrogen-ethanol slush baths, respectively. The Cai 
brated measuring tube in Figure 2A was used in the measure- 
ments. The volume-temperature data is shown in Table III. 
A linear relation was obtained between temperature and 


volume. The volume at -132°C was obtained by extrapolating 
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TABLE II 


Ostwald Absorption Coefficient (a) of 


SUUciGele sat wiOrloe.al n-propyl Hiner 





Temperature a 
2526 LEIA 
OFC ew Bee) 
= oa 9.40 
TABLES LL 


Volume-Temperature Data on fe Topy lee Ener 


Temperature Volume (cc) 
O2C Sa 
-42°C PEE EHS 
-87°C 2 ath 
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the line. Given the density of ether D = 0.766 g/cc at 


O¢CGar(35) , thevdensi ties;.at -73° 


O7,89l G7cc,, respectively. 


and 


-133°C are 0.826 and 
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B Results 


Se was ope Oeeropy Peer: 

Radiolysis of n-propyl ether in three different cells 
gave product yields of G = 2.50 for propanol, G = 0.30 
for propionaldehyde and G = 0.01 for 1,1-dipropoxypropane. 
The propanol yield was independent of the time the irradi- 


ated samples stood before analysis. 


Part) Ulmeeenor-sulturelexatiuoride; Solutions 

[coe syle lasor propancoleas a function of sulfur 
hexafluoride concentration and approximate time which the 
irradiated sample stood before analysis is presented in 
Figure 4 and Table IV. The G(1-C ,HOH) vs [SF_] data 
which appeared to have a bad scattering of points, was 
found to have a time-dependence when the points were 
grouped into time ranges which the irradiated samples 
stood before analysis. The trend shows that the alcohol 
yield tends to decrease with time and with increasing 
eoncentration OCfesulturn hexatluoride. 

2. The above trend of decreasing alcohol yield 
with time was further investigated in a time study. 


Samples which were made 9 x ee 


M(t 22) .2npeuie ux 
hexafluoride were irradiated and allowed to stand for a 
definite time before analysis. The results, presented 


in Figure 5 and Table V, show the alcohol yield to 
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TABLE IV 


centration and Time Irradiated Sample Stood Before Analysis 


[SFo] Molar G(1~C,H_OH) Approximate Time After 
Irradiation 
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TABLE V 


: ao 
Meeronaroleteldeas a Function of Time Sample (9 x 10 


en 


M SFO) 


Sroode at cer [rradiation 


TimMem Hours) G(1-C,H_OH) 
0 eee 
1 O29 0 
Z ORS 
4 O2G7 
6 0.65 
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20 ORoe 


30 OLS 


. OE 







Y Cyr 


alt . , | ei ae 
igi & v4 « 2) whewoh anit te n@eaonetn as ein Sin on 


ak gp *, 
Ripe Di - Sago GOR s 


—* ats e ——. 






Syke 


*stsATeue 
SIOFEeq poojs eTdues pejzetpezzt swutqy uo prtetA Touedozd-u jo souepuedeg 


UOHDIDDI] JO1iD Sanoy jo Jsequny 


O€ 82 92 ve co 02 8) 9I vi | Ol 8 =) v 





“g wand Id 


(HO“H*9-1) 9 





~~ 
—_ 
<.f 


~ imihr ~~ : ~ < “TT 
MO ifiid ay 3 Ty 


whe Sadgechoitl emis ap Siaiv tcagqutg-n 





32% 


decrease with time. One of the minor products of radioly- 
sis of pure n-propyl ether was shown to be 1,1-dipropoxy- 
propane by mass spectrometry. The concentration of this 


product was found to increase with time after irradiation. 


DEeeLiemerrecusOn CONCcentvartion Of sulfur hexatluoride 
was investigated, all samples being analysed immediately 
aalereranaditactones © Lie concentra ei1ons Of sulfur hexatluor— 
ide were calculated using the experimentally obtained 
a = 1.70. The volume of the co Wie wacemeasibedvat thiescon] 
clusion of the analysis. The difference between the volume 
of the cell and the volume of the liquid ether was the 
volume occupied by the undissolved gas. 

1,1-Dipropoxypropane was formed by an acid catalysed 
reaction of propionaldehyde with propanol. The acid was 
presumably hydrogen fluoride since the dipropoxypropane 
yield was enhanced by the presence of sulfur hexafluoride. 


Hence, the total propanol yield was expressed as 


G(1~C,H.OH) = G(1-CH_OH) ar 2G[1,1-C,H_~(0C HW) 5] 


measured 


The results are presented in Figure 6 and Table VI. The 
propanol and dipropoxypropane yields decrease with increas-— 
ing concentration of eculmursnexariuoride.. The total pro- 
panol yield decreased from 2.52 to 0.72 over the concent- 
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Baie Ether-Hydrogen Chloride Solutions 

The variation of product yields with hydrogen chlor- 
ide concentration is presented in Figure 7 and Table VII. 
Throughout the concentration range studied, hydrogen chlor- 
ide had no effect on the radiolysis yield of propanol. At 
concentrations above l x Vou M, the acid decomposition of 
erneracoupropanol and land Z2Z-propy!l chloride was appreci- 
able. The G values of propyl chlorides was subtracted 


from the measured G value of propanol to give the actual 


radiolysis yield. 


Pane ely, Ether-Sulfuric Acid Solutions 

thesstudy Of the ettect of sulfuric acid on propanol 
yield in irradiated ether was limited to two samples only. 
It was not necessary to continue the study after it was 
found that sulfuric acid decomposes the propyl ether to 
propanol and propyl hydrogen sulfate. Propanol was identi- 
fied by its mass spectrum and by gas chromatography and 
the propyl hydrogen sulfate by its physical characteristics. 
Propyl hydrogen sulfate was obtained by adding about 5 ul 
Wate leuGe U COlOtmieMeEs iit CaACclO gine ether. ssPropy1 iyo 
gen sulfate separated from the ether on standing. The 
iMquLduwas colorless acidic, denser than ether and) very 
viscose. Unlike di-propyl sulfate, it was very soluble 


in water, less soluble in ether and decomposed on heating. 
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Part V  Ether-n-Propylamine Solutions 

The variation of propanol yield with n-propylamine 
PomcioOviei ne. guremwo wands lable Viti. |The amine decreased 
the propanol yield starting at around 107M. The higher 
Wee lds@oteplropenol an this series sarose from a lesser 
Gatling anda Sharper resolution) of products on Porapak Q 


column. 


Paro vu Beier elopy ene solutions 

TRegresulicmor propylene scavenging study are 
Showin gure =o saidaleble 1X. No - eftect on alcohol 
yield was observed to 1 M concentration of propylene. A 
study at lower concentrations was deemed unnecessary for 


lack Of Griect. at higher concentrations . 
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TABLE VII 


Product Yields as a Function of Hydrogen Chloride 
a, Oty Coden en 1Lor.0e 


Concentration 
Cie, Wiest G(1-CjH_OH) G(1-C,HJCl + 2-c 
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TABLE Vir t 


nN-Propanol Yieloq as a Function of n=Propylamine 


Concentration 





[1-C,H.NH,] Molar G(1-C,H_OH) 
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TABLE IX 


n-Propanol Yield as a Function of Propylene 


Concentration 

[C,H] Molar G(1-CHIOH) 
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PAM PULSE wLOLYeloeOPgn=-PROPYL ETHER 


Evidence for the presence of solvated electrons in 
the radiolysis of liquid n-propyl ether has been obtained 
through scavenging studies. A direct observation of these 
reactive species would provide a confirmation for its 
existence in the radiolysis of n-propyl ether. The pulse 
radiolysis technique allows the direct observation of 
solvated electron through its absorption spectrum and its 
half-life in a given reaction. In the pulse radiolysis 
experiments described below, shes, Aieesemyities spectrum of 
SoOlVauccuelecuren, 1tS half-life with*=respect to “ats=reaction 
in ether and with sulfur hexafluoride were determined at 


various temperatures. 


A Experimental 


Bareeu. [ne Pulse Kadiolysis Baperiment 


The apparatus used in electron absorption signal 
measurement is presented in Figure 10. The solvated electrons 
generated by irradiation of a medium with a pulsed elect-— 
ron beam, absorb light. The transient absorption is 
Tecorded as a7 tunceron of time with asphotodetec tor ser 
at an appropriate wavelength. 

To protect a sample from photolysis and heating, 
the light beam was interrupted by a shutter. The shutter 


was Operated by a push button in the control room. When 
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the shutter was opened, the light from a constant intensity 
Xenon lamp was passed through the sample cell by a system 
of aluminum mirrors. The light was then passed through a 
monochromator and a selected wavelength directed to the 
photodiode. With the shutter opened, triggering signals 
were sent to the accelerator to trigger a beam pulse and 

to the photodiode to measure the initial light intensity. 
The photodiode signal was amplified and read on the digital 
VOL to cme ont eintensrty=was= measured, 50 > 
100 usec before the beam pulse hit the sample. 

When the beam hit the sample, the build-up in solvated 
electron concentration and its decay was measured by the 
photodiode as a transient decrease in light signal. The 
absorption signal was introduced into an oscilloscope and 
the, trace corresponding to the transient absorption was 
photographed with a Polaroid camera. In the simplest 
arrangement, the absorption signal would arrive at the 
oscilloscope about 35 usec earlier than the signal that 
triggered the "scope £0) scan (see Bagure 10). in order 
to give time for the scope to begin its sweep prior to the 
arrival of the absorption signal the latter was passed 


through a delay circuit within the scope. 


Part aie. Compenents Ot ethe: bulse Radiolysis Apparatus 
Cais) Van de.Gruaatt Accelerator 


Pie wan GerChederels an electrostatic accelerator 
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thatecan debiverteither ’aeDC beam ora’ pulsed beam. The 
evectnonepulse scurrentenassasnangesoL 10" 100"mA. the 
time dunationeof the spulses "can be "3 nsec, 10 nsec, 30 
nsecrmi00 nsec, lusec or variable milliseconds. The 
energy range of the beam is 0.7 - 2.0 MeV and the energy 


Gucci Je als. Wa oe 


(2) Lamp 


A 450 watt High Pressure Xenon Arc Lamp was used. 


(3) Cell-Temperature System 

A styrofoam box that™heid the cell was cooled by 
evaporating liquid nitrogen and blowing the cold gas 
through the box. The temperature of the box and that of 
the sample cell was automatically controlled by the API 
Instrument 2-Mode Controller. The automatic temperature 
controller powered a 1000 watt Nichrome heater which 
boiled the nitrogen. The cold vapor was channeled from 
a-50 liter Dewar to the cell box in a styrofoam insulated 


copper pipe. The temperature was constant iiicersibe ar  1Pee 


(4) © Cell 

The cell consisted of aguectangulan soprical well ot 
high purity silica (Spectrosil) » measuring 1 x 1 x erent 
and a Pyrex side arm bulb with a volume of about 8 cc. 
The surface of the cell window facing the beam was 


thinned by grinding. The sample was condensed ico  Giie 
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Pyrex bulb and transferred to the optical cell after it 
was sealed off. The temperature of the cell was monitored 
by a copper-constantan thermocouple attached to a cell 


window. 


(5) Monochromator 

The monochromators used were Bausch and Lomb Visible 
grating and Infrared grating monochromators which covered 
the region 350-800 nanometers and €00-1600 nanometers, 


respectively. 


(G) weer teers 
The types of filters used were: 
(a) Gorning Filter #3-74 — a clear glass filter with 
cut-off below 400 nm to clear the 400-800 nm 
region of higher order diffractions from the 


region below 400 nm. 


(b) Corning Filter #3-66 - an orange glass ie i 
with cut-off below 560 nm to clear the region 
560-1 1200 nm olen gher order (diffraction i: om 


the region below 560 nm. 


(ey Corning Filter 77-56 =a violet “glass Pa. Seek 
with cut-off below 800 nm to clear the 800-1600 
nm region of higher order diffractions from the 


region below 800 nm. 
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Gal iCals bratiigpLaser 

The light used to calibrate the grating monochromators 
was a He-Ne laser, University Laboratories Model 240, A = 
6328 A. The first order A = 6328 A and the second order 
AX = 12656 A weremused to Calibrate the visible and infrared 


grating respectively. 


C3)" Photodetectors 
A silicone photodiode EG & G Model SGD444 was used as 
a visible detector and a germanium optical detector ENL 


Pype 653 aS an intirared detector. 


The absorption spectra were followed with a visible- 
light detector from 400-1000 nm and with an infrared 
detector from 700-1000 nm. The visible-light detector 
response fell oft at 1000 nm while that of the infrared 
detector fell ore at, 1/00 nm. As compared to the visibie-— 
vont detector, thewinirared detector had a slower response 
time and therefore gave smaller absorption peak heights. 
At temperatures 0° and -133°C, the % absorption/ncoul SEM 
from the region 700-1000 nm registered by the infrared 
detector was 0.581 times that registered by the visible 
detectotiew Mo igetitaicon tinuous: abscupticn Spectrumstrom 
200= 1.0002 nm) ate (0° vand 1 338Cy tthe iapabsorptron/ncou Sam 
obtained with the visible-light detector was normalized 
DU sew cece uOmNOl lO. ool wee um Cecile s. absOrpe.on/ncoul 


SEM registered by both detectors was the same over the 
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700-1000 nm region so the normalization factor was unity. 


(9) Absorption Amplifier 

The amplifier used was a non-commercial amplifier 
which separated the absorption signal from the initial 
lente el qraimandmhadyanvanpliticaei1on ratio of 5.7/1. The 
rise time and fall time were equal and were less than 


55 nsec. 


GLO eeOS Cid Voscope 

Two types of oscilloscopes’ were used, depending on 
the lifetime of the transient absorption. A Tektronix 
549 Storage Scope was used to display absorption signals 


Wii styepceleiseceandga Tektronix 71104 High Speed Scope 
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GU) (elses 

A Tektronix Model C12 Polaroid camera was used to 
photograph scope traces. ihe pOolaroia films used were 
Type 47 speed 3000 ASA with the storage scope and Type 


410 speed 10,000 ASA with the high speed scope. 


(12) ebDigital Voltmeter 
A Hewlett-Packard Digital Voltmeter Model 3440-A 
was used to display the initial light intensity measure- 


ment. 


(13) SEM 


The dose absorbed per pulse by the sample was monitored 
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sabe 
as a relative dose by the Secondary Emission Monitor 
(CaM) eeeeoures | 2eullustrates the 3-toil SEM used with 
the van derGraatl accelerator. The secondary edectrons 
generated by impact of the electron beam on the aluminum 
foils are collected bygabcentral electrode. ‘The current 
arising from the secondary electrons is called the SEM 
Current pelie SEM monitors the beam current. | When cali-— 
brated against the beam icurrent, the SEM current is found 
to be about 5% of the beam current. When calibrated by 
a dosimeter placed at an irradiation field point, it 
becomes a dose monitor. The dose at the irradiation 
DOM EELS vOut) x none eV/ml of water per nanocoulomb 
registered by the SEM. 

In the experiments performed, the absolute dose 
information was not required and, since only a normalizing 
factor was needed, the SEM current per 1 wsec pulse 
duration (SEM nanocoulomb) was used as a relative dose 


to normalize the % absorption per pulse at a given wave- 


length in the determination of the absorption spectrum. 
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Shp Results 


Part I Absorption Spectra of Solvated Electrons 


The absorption spectra of solvated electrons in n- 
DuOp we tle h@eatetemperaturese0. j= (5° sdnd ——1353°C are 
showne tne qure 15.) At -~l33¢C,, the ether was in the 
Supercooled State. At all three temperatures, the absorp- 
tion maxima lay above 1600 nm. The change in the shape 
of the spectrum with temperature (Figure 13) indicates a 
shift of the absorption maximum, to shorter wavelengths at 
lower temperatures. Superimposed on the absorption 
SuccCunumeoe ether ab) —133 Ce(Migure 13) is the partial 
absorption Spectrum Ofeether which had, been made 
lied ps roe Mein sulfur Wexaflucride. Although the 
spectrum shows no change in shape as compared to the 
SpeceauMe@rhmpULe Cthen, matinee hati—l1ie.or tie solvated 


electrons was decreased by sulfur hexafluoride. 


Part it Order of Reaction, Half-lite and Rate Constant 
The order of reaction, half-life and rate constant 
of the reaction of solvated electrons at various tempera- 
tures in n-propyl ether and in solutions of vsulrur Nexa- 
fluoride are presented in Table X. Representative 
absorption signals from which the half-life and order of 
reaction were determined are given in Figures 14A-14C. 


MiespiGuemeterecacuLOn Ouder fOr the decay Of Solvated 
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Representative Absorption Signals 
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electrons are shown in Figures 15A-15C. The order of 
reaction was determined by plotting the log (mm) vs time 
and ae vs time, where (mm) represents the signal height 
in millimeters on the oscilloscope screen which is 
O@nect ly propest1 onal to: the concentration of solvated 
electrons. In certain cases (see for example Figure 15C), 
the order of the reaction is greater than one at short 
times and is unity at longer times. The order of 
reaction in these cases is denoted 2nd>lst. The half-life 


Gepretor a, ist order reaction was read directly from the 


z 
3 


photographed trace while for a 2nd+lst order reaction, 
the t, was determimedsirom, Ene tail portion of the trace 
2 


which showed lst order decay. The rate constant ke for 


BhembeaceLron OLeSOlyvaccanelectrons wiltn Sulfur hexabluorrde 


was calculated using the equation: 


0.693 2 0.693 


Dei = 
45 (observed) Is(pure ether) 


+ k, [SF] 


Mhe rate constant k. for the decay of solvated electrons 


dh 


in "pure" ether was calculated from the equation: 


eae = Wises 
ie | ky ETT 


% 
The decay of solvated electrons in "pure" ether is believed 


to be the bimelecular reaction 


tales. = b S = 
¥ solv ae = 
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where S is an impurity and Ke is tae trate constant. “fhe 
reaction was treated as pseudo-first order, thus the rate 
constant ky is equal to k[S]. 

AreOc Gee tieereaction Of solvated electrons in ether 
was first order. At lower temperature, the reaction 
shifted towards higher order. A similar behavior was 
observed with the reaction of solvated electrons with sul- 
fur hexafluoride. At 0° and -73°C, the reaction was 


first order and at -133°C, the order of the reaction was 


Somewhat greater than first at short times. 


Tie Activation Energy cy) 


nr od 





The Arrhenius plot of the rate constant (Table X) 
for the reaction of solvated electrons with sulfur hexa- 


fluoride and in ether is shown in Figure 16. The slope 
~E 

ofa line is equal to Sf, where R = 2 cal/deg.mole. ‘The 
2 ork 


Activation energy fom the reactions ¢ eee cae eielee) and. 
we 





Ce a a SBE > SF) were found to be similar and equad to 


then kcal/mole. 
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During the radiolysis of ether in the liquid phase, 
alcohol is among the major products formed. This was 
observed during the ae radiolysis of some aliphatic 
ethers (1). The mechanism of product formation during 
veradiolysis Of diethyl ether in the liquid phase ae in- 
vestigated by Ng (2). It was found that only about half 
the ethanol yield was oanitenusectoln by 1,3-pentadiene. 

Being a conjugated di-olefin, 1,3-pentadiene could scavenge 
either tree radicals (3) or electrons (4). Thus, the 
mechanism proposed for the scavengeable yield of alconol 


was either the free radical reaction 
[2 } ik(O) sp Isl = IROVEL se IR 


or a neutralization reaction 


* ey 1. 
rel NOt SP gerne NOH Bees 


An alternative reaction of solvated electrons whichs could 


lead to alcohol formation is the decomposition reaction 


[4] = solv a. Ne SOL anes 


followed by 


fete ROH! fe RO eee eo POR 


2 solv 
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solvateaq electrons which occurs in water 


[6] = solv. OH solv Bo 
and in alcohols 
[7] 2 solv. ce solv can 


The first order half-life for the decomposition reaction in 
Watlerei1c 0.6 milliseconds, while in alcohols it is of the 
order of microseconds (5). 

The study of the mechanism of alcohol formation in 
ether will provide evidence as to whether the decomposition 
reaction of solvated electrons which had been established 


inewacec ana ina lconols ,) occurs in ether. 


Te Mechanism _ 

The mechanism of propanol formation in the y radioly- 
sis of di-n-propyl ether is elucidated by scavenging studies. 
The addition of sulfur hexafluoride, an electron scavenger, 
to the ether decreased the yield of propanol. It is seen 
Ecom- Figure |6 that neasly (three-quarters of (the alcohol 
yield is scavengeable by sulfur hexafluoride. Thi Shanice anes 
that for about 1.8 G units of alcohol, solvated electrons 
are one of the precursors. 

Figure 7 shows the effect of hydrogen Chloride on 
the propanol yield. The acid was added with the purpose 


Gf cbterning aniormation as to whether reaction [3] or [5] 
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is the source of the scavengeable alcohol yield. The addi- 
tion of the acid was expected to increase’ the concentration 
of the protonated ether ion sfolet Lf the alcohol was 
formed by reaction [3] the alcohol yield would remain the 
same. The higher concentration of ROH would only de— 
crease the lifetime of solvated electrons in reaction [3]. 
Tima leone was) formed by reaction, [>luend not by [3),, the 
yVieldswouldygo down with» increasing Concentration of the 
acid since the protonated ether ion would scavenge the 
solvated electron precursor of RO by a reaction which did 


MoOesproduce alcohol. ssuchwa scavenging reaction WOULOeDe™ 


+ = 
[14] R,OH tac Eo cane RO ue tak 


The addition of the acid was’ found to have no effect on 
the yield of propanol, lending support to reace1 ow |oieas 
the source of scavengeable alcohol. 

When pesado lensing @ positive Lon scavenger was 
added to the ether, the propanol yield decreased (Figure 
8). From this it is deduced that a positive ion is a pre- 
eursor OL alcohol. The identity cf the positive ton is 
proposed to be the protonated ether, (cu cus. The amine 
scavenging study provided further evidence as to whether 
reaction [3] or [5] is the source of scavengeable propanol. 
Tf RO. had been the precursor of alcohol, the alcohol 


yield would not have been affected by the 20g LLLOn. OLen= 
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propylamine. The reactions would be 


-+ 
b5:] C2H Nin (CH) ,OH 


a 
3H NH. eo [eau e lacie F (CH) 50 


ahr ae aye] 
followed by 


Mey - GA ae Ss ee ee 


Sy | ae = ard epee 


The reactions suggested by the scavenging effect of the 
pine waGem. Loe col lowed sbymulljeln 


-+- — 
[7a C3H NH, +e eae = CHONH, cst ela! 


The hydrogen chloride and n-propylamine scavenging 


Sstudtes=supporce, te reaction 


+ _ 
i] (CH.) OH cp EP eany ee CH OOH a C3HO 


as the source of scavengeable propanol. As reaction [5] 
Heerured OuL*by, bouh studies, So 1s TeaceLon 41. 

Based on the experimental data, a probable mechanism 
for the formation of scavengeable propanol has been postu- 
lated. No experimental evidence was obtained for the 
mechanism of the unscavengeable yield. However, probable 


mechanisms proposed for the unscavengeable yield are: 


a { { 
[18] C,HIOCjHO me C HO + C3H. 


followed by disproportionation reaction 


LE9)] CHO ae C3H. ——) CH OH ate C3He 
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Gils. 
or H-atom abstraction 


[20] CHO oh CoH, 0 meas CHOOH afr CoH, 30 


Another possible mechanism is the decomposition of the excited 


positive ion 


[21] (CH i + 
C3 7) 50H ——>- C,HOH + CHO 


Disproportionation reaction [19] would take place aie 
a cage formed by the surrounding ether molecules. This 
Geae erons would. occur in elias Sec Uietiesbacgtcalse Have 
collision efficiencies near unity since collision frequencies 
Pye liIguld.s Cagas—ale Some sec + (rp peo CavengviggOL tie 
radicals in the cage would not occur. 

The H-atom abstraction reaction [20] is a relatively 
slow reaction as indicated by the rate constants of the 


GeaceLoumoO CHO with some molecules (36). For example, 


the reaction 





i - _ 1 A 
[2241 CHO 4 CH,CO,CH. > CH.OH + CH,CO,CH, 


Nheas a race constant Ki 92°C sox 104 wee bys, There has 


been no quantitative kinetic data on the addition of 

alkoxy radicals to olefins, from which rate constants could 

be calculated. Thus, it is not possible to evaluate whether 
the nonscavenging effect of propylene on the propanol Ves 


(Figure 9) is due to the inability of propylene to compete 
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Wut Teaction 1201 or that reaction ({20] does not take place 
Bewa. 
fhe decomposition reaction [21] may be a possible 
source of unscavengeable propanol. The protonated ether 
ion has to be in an excited state and within a few vibration 
cel 


times, ~10 Sec sdecomposi tion ~cccurs., Thus, scavenging 


of this excited positive’ ion would not occur. 


Kinetics 


he 


JDMERSS EIS) alhaversKoblehenkeay (ene di-n-propyl ether with y-rays 
or high energy electrons, excited molecules, positive ions 
and low energy aie eV) secondary electrons are generated. 
These ions and excited molecules are initially distributed 
in small elements of volume crudely approximated as spheres 
with diameters of the order of 10 A and which are strung 
out along the paths of high energy electrons. This group-— 
ing of reactive species, which are close enough together 
and have a significant probability of reacting with each 
other, is called a spur. The excited molecules and ions 
might decompose or react to form free radicals so a spur 
can contain several types of reactive species. A spur 
Gan Kange in Size trom a large spur “containing several 
radical pairs and ion pairs to a small spur with a single 
pair of radicals or ions. The spur under investigation 
in this work contains positive ion-electron pairs. This 


was verified by the sulfur hexafluoride and n-propylamine 


O20 
























sonlaq exk+ Don eaoh (OS) cdotapged 4nyke uo tie apitynet atiy 
fis 36 
“7 KK aa » | “olijqgpo® dolidesaracgs ext ( 
rahe butemosto } ouegety OL ose previo Br) V2 LW 
ey E46 y yie® Li | i inte Ratios ie ai of-o8. eed monk 
.oge al) , somts 


jt mv shed - Bog isxe ert ge 


ay kaentA 4 
with pared 7 

raat iuicksa , eles éte, ete dgid ge 

‘4 wats My Naas | t=) yetene woL baa 

Lica ‘tons aie aor gasiT 

al 2 et eguloy Ith etbagdiaie [iene ar 

; . 4 Of Yo +9tue of 26 2am £6 eee 

rapa “pir to ettteg et poole dao 

re a : e146 jlotdw ,eoineqea avitsees 25 eat 

(ot tLidsto%9 “seul Prapee @ evan - bas 


anoat fers eslwoelaw Sedtoxs.edl~ woe fae Oe eee 


tiie S G5. alGo this osat nine 93 JO Go 20 + gocmmayeb tdo in 
| we \, & eee 


mye A yeutongn ovliuwly to he = CIRVSE ALATC 


prcnne eters tt : aia a 










iu 


ouuae i 


: “,3 2 
is. > 
ae fallen en op 


a of - 


69. 


scavenging studies. 
Paplohbmeneroy electron interacts with an ether mole— 


ed fas LG 


cule for about 10 - 10 sec exciting the molecule 


(tele Ionization of the excited molecule 
BS H : 2 ra 
_———> be 
[ ] C3 70C 3H. [CHOC HA 4 e ] 


eccurs#in A sec. Within such time a spur is formed. 


Entities in a spur will be represented by enclosing them 
in square brackets as in equation [23] and those following. 
The spur expands as the low energy electron moves away 
from the positive ion. The positive ion undergoes ion- 
molecule reaction and becomes a protonated ether ion 
Pet nic eH Oc mene HOC He | [(C_H-) On + 
oe eee) | Senet ee), Oe iae 


Cane OCHeH 


ny 2CH 3] 


in about i a sec (37). The low energy electron travels 
through the aliquid “losing its excess energy -by exciLLing 
or ionizing molecules of the liquid. The low energy 
electron usually travels less than 100 A (38). rom ene 
positive, ion before being thermalized. [he thermalized 
electron becomes localized in a cavity of the liquid. 
The localized electron transforms into the solvated state 
as dielectric relaxation occurs around the site of the 

Le 


localized electron. This takes place in about Her sec 


(39). The positive ion becomes solvated as well. The 


bu 





















7 oihote polpoawaegs, 
Apiv Joe nettogis, yeteeas fen « 7 a 
yf} 33 ian eh os ot teeds co} eivo 


‘ioxe aff Io nolpeagie, « (ob) 


Lh Opeth tes] 


7 FP 


agi “Oe irk) aedoae 

ry ocl [tb tage & Br asisiggs 
stetd orsepa pl 

sts Sh “pte soqd aa? 

io. oyvtfiedcy eff mov 


potioe@es elugslom 


Cyt PF LAL] 


air. (tebe 7" gg. speocta ae 


prtieok Soaks ora heuotdy. 

no byl ( .bhupsl ond 2o 2s ioh etek ee 

wht Wot. (AC) A DOL oot) ean. eid eee noxzoets 
fie RiLena hip mall at Ladue tie pled ae pe aviae al 


a 
thot» pie 26.3 es & irk, pore ers 
_ . ll Kite vy Brea. 


ae | ey 






ind pas spf’ %, dityy 








70. 


coulombic attraction between the electron and the positive 
Lomi draws ethem-back (logether |) the) wons undergo: geminate 


neutralization in the spurs from ealen -- ko sec (40a). 


+ — 
Pes [(C,H_) .OH +e 


* 
sel WC REI Ge) 


Ions which escape geminate neutralization diffuse into 


the bulk medium-and become free ions. 


[26] (ean sone +e) i (C3Hy) 90H" ieee (am) 


Oly solv 


Figure 17 shows the calculated spectra of lifetimes of 
solvated electrons undergoing neutralization in three 
solvents. The spectrum for n-propyl ether would be similar 
to that for cyclohexane since their densities and dielectric 
cConstantss dvemsimivear weAgsmall» fraction, of theysolveted 
electrons escape geminate neutralization in the spurs and 
DEcomest recy 1 Ons ealliscmeracthiongs.0.05 in, propylpether 
(7 iieandpis tiemstrece onsets cnsplettecten|0muesces 
Vitis elie edugat OleOle hoes pure ioe piaCedaa tc > Oeeisec. 

The free ions in the bulk medium continue to exist 
forge lLOnGer ipekiodsoleiincws ligaepure Solvent, the 
positive, ions and, solvated electronssunderge tandom 
neukcalization.s. -1n thesopropy | pethergused, jan impurity, 
presumably propionaldehyde in concentration 0s M may 
be present. This would scavenge the solvated electrons 


and prevent the random neutralization of electrons with 
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positive ions. Evidence for the scavenging of free ion 


solvated electrons is presented in the homogeneous kinetics 
Pa | S +e 


section. 

The reaction of solvated electrons in the bulk medium 
is described by homogeneous kinetics while that in the spurs 
requires the use of nonhomogeneous kinetics. 


me ot ce. Homogeneous Kinetics of e- (free ion) Reactions 


solv 








Reactions which have been investigated by the pulse 
Pacvolyscist tecinigque occur in the bulk medium and are 
described by homogeneous kinetics. In the pulse radiolysis 
of propyl ether, the physical arrangement of the system was 
such that only the events with a duration of AG get Sec or 


fencer coulasbe Lollowed. By Such time, al room tem 
perature, the electrons generated by a pulse have been sol- 
vated and the electrons that escaped neutralization 
reaction in the spurs have diffused into the bulk medium. 
The spur only exists for wim eee. 

The rate constant for the first order decay of 


solvated electrons in propyl ether was calculated from 


the equation: 
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The rate constants k ) Aebemsnown “InP lablesxat cA Occ 


er 
solv 

the observed first order decay is believed to be the re- 

action of electrons with an impurity, presumably propionalde- 


hyde; 


[13] cee ate eS 


where S represents a scavenger. This is indicated by the 
observation made during pulse radiolysis experiment where 

ce remained EneesSaMemasechmeicecamplemnac rece yed a.con— 
siderable dose. Propionaldehyde is produced during radioly- 
Sis (1). If the decay of electrons had been other than 
reaction [13], the ty would have decreased as the concent- 
bati onol propronaldehycde, produce burt up. 

At =73°C and —-124°C, the decay of solvated electrons 
proceeded from a higher order to first (noted as 2nd->I1st, 
Table X). The first order tail of the decay is reaction 
Pio eoccurmng es Deciecm oul ke medium. tnesinitralhnagier 
order could be a neutralization reaction in the tail end 
of the spur reactions. This suggests that at -73° and 
-IorG =tie Cime duration, Of 1m spur has increased, | in pro 
py.l ether, the dielectric constant « = 4.65 (42). and vis-= 
COSsey = 27/0 CD ab —/50G MCaloulatedt trom ae and data 
ten, 25) have ancreased sromec = 13.4 (41) and) 7 = 907398 co 
(35) at 25°C. The coulombic energy between the positive 
fon and sOlvacea eG@lecturon, aS, dower at —/3°C than at 20° due 


to higher dielectric constant. The mobilities of the ions 
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Pom easiuesrouetnewticreasea Viscosity. Thus the effect 
of decreasing the temperature would be to increase the 
Meuteali zation times and the spectrum of the lifetimes of 
Ssolvacea electrons (Figure 17)” in propyl ether would be 
shifted towards longer times. The spur would persist for 


- 


~107/ sec at -73°C and >10 ’ sec at -124°C. Events with 
a Curation OL toe! sec could be observed by the pulse 
radiolysis system. 


The rate constant for the reaction of solvated elect- 


rons with sulfur hexafluoride was calculated from the 


= _7 
[27] Se ae SBE SPe 


equation derived from competition kinetics 


[ii] 0.693 5 HOSES 


~ + ka tSEe | 
ty (observed) ty (ether) . C 


Rate constants k ) at three temperatures are 


2(SI +e ase 


shown in Table X. Reaction [27] has an activation energy 
ES =o) Hebekcal/molevand Louc tievometO scene gactiVvablon 
energy of viscosity a = 2) Bical moses 2 was sca lcuLlated 
from viscosity data in ref. (35). Extrapolation of the 
curve in Figure 16 to 25°C gives a rate constant 

k = 8x Loge ie Bea ee Wi Chm Sue the seg. Onw Obed Cia = 


fUSLOn controlled rate. 


The average lifetime at 25°C of solvated electrons 
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LOG # (sec) 


HiguLe eC OLCU bated sSpeCiraVvOrslireti mes otscol— 
vated electrons after instantaneous pulses of X rays 
in water, ethanol and cyclohexane at 20°C. 


dose Sor evans 


Pils e 
The dashed curves were arbitrarily 
drawn. The decline of the ethanol curve in S050 


Sec is due t6 peaction sli Seicure. | ( wassmeproduced 
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in reaction [27] as calculated from the equation 


ko501SF¢] 
is One sec at [SFo] = 107 °M. The duration *olva Spur vis 
Ge" Gece Thus, the scavenging curve of sulfur hexa- 


fluoride (Figure 6) represents scavenging of solvated 
STeCreROns 1 etic espUulG. 

Reve 135°C, a 2nd sist eorder -reactwonewas observed in 
sulfur hexafluoride solutions. The first order tail is 
due to the competition between reactions [13] and [27] in 
the bulk medium while the initial higher order reaction 


may be a spur neutralization reaction . 


(Dea We Sorelipal Application of a Nonhomogeneous Kinetics Model 
The description of a reaction that occurs in a 
spur requires the use of nonhomogeneous kinetics.) lt hes 


been shown that the competing reactions 


: + 
[a [(C,H.) 50H +e i eu One CHA] 


solv Sidi, 


and 


[28] [e + Sl elapa [SF ] 


solv 


occur in spurs. The competition between reactiony|s) and 
[28] was calculated using a statistical nonhomogeneous 
kinetics model described in the Appendix. In these calcu 


lations, the scavenging efficiency parameter § and (Go-) oF 
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the total electron yield under consideration, were treated 
as adjustable parameters in order to obtain a calculated 


curve that best fit the experimental curve (see Figure 6). 


Peeves t ert UsCuUnve Was ODtarmed With bo =" 7 x 1014 V/om? 


ane Ge). = 1.9. The 8 parameter gives a measure of the 
ease of scavenging of electrons or positive ions in a given 
scavenging system. In comparing the scavenging curves of 
sulfur hexafluoride and n-propylamine (Figures 6 and 8), 

it is seen that the electrons are two orders of magnitude 
more readily scavengeable than the protonated ether ions. 


Assuming that both scavengers have the same encounter 


efficiencies, BL ed Lene 4 jie v/em* is obtained for the 


scavenging of protonated ether ion by n-propylamine. Since 


B depends on the sum of 2 Qi chew pos tlLVerLOneOr clecu— 
r 


ron and its scavenger, the two orders of magnitude dif- 


ference between 8, and 8_ means that (see Appendix) 


Piast gue BG = oe ee eamine 
2 2 2 2 
_ SF¢ ae amine 











Sifce ithe pOSitive Lon 1S sprobabiy a little bigger than the 
ByD 


amine molecule, _ is probably just a little smaller 
Dee Dee s Deu Dor YSF, 
than = Assuming Sager ee eer tc 
jaan r r 
amine = SF ¢ 
appears that 
beD b,D 
ao eae 00 ee 
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magnitude and the diffusion coefficients are proportional 
toethe mony lities, the mobility of the solvated electrons 
is about two orders of magnitude greater than that of the 
POS bive slOls sie prOpy. .eclhians 

Greater electron mobiiagties than that of positive 
ions have been observed and measured in hydrocarbons (43-45). 
Propyl ether is similar to a hydrocarbon with respect to 
G1electric, constant and Viscesity<s In methyicyclopentane 
(43) the electron mobility was observed to be about an 
order of magnitude greater than that of the positive ion. 
In some hycrocarbons, as shown in Table XI the measured 
electron mobilities are about two-three orders of magni- 


tude greater than positive ion mobilities. 


Cy Solvated Electron Optical Absorption Spectrum 
BR transient, optical absorption, in the LR region was 
observed during pulse radiolysis of propyl ether. The 
absorption was assigned to solvated electrons, as the 
addition of electron scavenger, sulfur hexafluoride, 
decreased the half-life of the absorbing species. 
Solvated electrons in propyl ether absorb light in 
the IR region with a maximum lying above 1600 nm (Figure 


13). In diethyl ether, the absorption maximum haa? was 


observed at 2100 nm at 25°C (19). The trend in the position 
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TABLE XI 


Electron and Positive Ion Mobilities at Crea a 


Compound (44) (45) (46) (47) 
pe + € 
ar LES OP eS n(centipoise) 
Pe peneryie a, 106 oy & ie 1.84 0.23 
repeeane 0.09 Once Ome 1.89 Onoda 


Cyclohexane 07735 G2 21 LOM 
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of Mc ee. Suggest om theater t= rsm=aerunctaon) Of the class of 
compound as well as of the dielectric properties of the 
liquid (19). For polar compounds such as alcohols and 


water, the es are in the region from 580-820 nm; the 


ax 
amines and ammonia from 1350-1900 nm; and for weakly polar 
ethers, ~2100 nm; 

Decreasing the temperature was observed to shift the 
absorption spectrum of propyl ether towards lower wave- 
lengths. This temperature shift has also been observed in 
water (25) and in alcohols (48). Lowering the temperature 
narrows the spectrum slightly and shifts the energy at 
the absorption maximum towards higher energies. The dis- 
placement towards higher energies has been ascribed to 


thermal shrinkage of the cavity (29). 
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V CACRNECE Oe ore ON 


Based on scavenging studies, the mechanism pro- 
posed for the formation of propanol in the y-radiolysis 
of liguid n-propyl ether is 

+ -_ 

[3] [(C,H.) OH cp é soly!— [C3H 40H a CHO] 

The participation of solvated electrons in reactions dur- 
ing radiolysis of n-propyl ether was confirmed by its 


absorption spectrum. Absorption’ spectra of solvated 


electrons in the bulk medium were obtained at three 


temperatures. Reactions [13] and [27] were found to have 
Ssimidar activation energy E, = 3 kcal/mole: 

es | eee S-—— Ss 

(271 ew + SF. — > SF. 
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A Nonhomogeneous Kinetics Model (40b) 
Propanol is formed by the spur reaction 


+ =_ 
icy [(CHo) ,0H + e 


een daa [CHOH in 


] ar, 
In the presence of sulfur hexafluoride, the reaction 


[28] i. S en 


completes with reaction [3]. The competition between 
(aieand, [2s] is described in a nonhomogeneous kinetic 
model of charge scavenging. If one assumes that each 
electron yields a molecule of propanol, the decrease in 
propanol yield caused by sulfur hexafluoride scavenging 
of solvated electrons during the radiolysis of propyl 


ether can be calculated using the equation: 


-r/ 


ye 
YN(y)o_(1l-e ) 


AG 
(propanol) Iw (y) eS. 0 


where 
N(y) is the relative number of positive ion- 
thermalized electron pairs that have an 


initial separation distance y. 


iseties probability that scavenging 


reaction i128). occurs before reaction [3] 
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—r/y 
(l-e ) ais the fraction of electrons that 
remain in the spur 
(Ge) ies Tomtniemcovalayi1eld Oreelectrons 


being considered and which are found 


inetnesspurseand tn) the bulk medium. 


In the propyl ether used, the free ion yield of electrons 
is scavenged by an impurity and does not contribute to 
the propanol yield. The fraction of electrons that become 


free ions is given by the Boltzman factor 


EGCactivone i.) = aat7y 


where r is the distance between positive ion and electron 
at which the coulombic energy of attraction equals kT. 


The value of r is given by the equation 
r= E-Jekr 


where 
€ is the charge on an electron 
& Sis thesstactic dielectric! cons tanueoL 
propyl ether 
k is Boltzman's constant 


T is the Absolute temperature 


Pee Value sor. 9, the probability «that electrons are scavenged 


in the spurs is calculated from the equation 
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where Geren) oe isethiosprobaotlity= that electrons wild 


not be scavenged and 


ae is the encounter efficiency of 
the scavenging reaction (assumed 
LOsDeCeunity “ine chis work). 

N iopthe molegtraction.of sulfur 


hexafluoride. 


Mnesparemeter 8 is given by the following equation: 





babe bp. 
I—- ¢t OS] 
Net ee A t 
Bo = 
(u + u,) 
where 
D_ and D, ares att rusion CcoerLti C1 ents of 
electron and sulfur hexafluoride 
molecule 
‘ox and be are the number of new molecules 
Gacneen coun LOrsepeinci its On U 
A. and i are the average jump distances 
u_ and Uy, are the mobili tires or the elecer 


and positive ion 


The parameter v is given as 
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where 


0 is the center-to-center distance of the 
positive ion and electron at the instant 
the final electron jump occurs in the 


absence of sulfur hexafluoride 


d is a constant taken as unity. 


Insdetermining the value of Vv, oe is considered to be much 
Grearer than ag so that ry May be neglected. 

In calculating the decrease of propanol yield ata 
given mole fraction of sulfur hexafluoride, the 8 Dara- 
meter is treated as an adjustable parameter along with 
(Ca), in order to obtain a calculated decrease that best 
fits the epxerimental decrease. The values of the DabLa— 
MeLe rs sUSea sare: 
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b= 7x 10 : v/om* 
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